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Abstract
The distribution of population and the location of gas and oil reserves in Australia have 
led to the need for a network of land based pipelines. Pipeline Welding, being a highly 
repetitive process, lends itself to automation. Automation desired not only for 
improved costs but also to develop a welding process which would be less dependant 
on high level of skills and produce welds reproducible in the field.
Australia employs thinner wall pipe materials than are common in other parts of the 
world and there is a trend to increase the yield strength of the materials and in turn 
reducing the wall thickness thus improving the cost effectiveness. The smaller wall 
thickness requires a smaller number of weld runs to join the pipe and the potential to 
reduce the overall cost. Conversely, the increase in yield strength of the material may 
increase the risk of weld metal cracking when using conventional welding methods 
and thus the need of gas metal arc welding and weld monitoring to recognise any 
defects.
This thesis explores the potential for online defect detection during gas metal arc 
welding of girth seams in transmission pipelines. Priority was given to identifying lack 
of side wall fusion since this is known to account for more than half of all defects 
reported.
The optimum welding parameters were verified for root and fill passes. The transient 
electrical signals were captured and correlated with defect occurrence and the rules for 
prediction of lack of side wall fusion verified using a series of test welds. Detection 
techniques for porosity, bum through and lack of penetration are also proposed.
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Chapter One
I ntroduction -  Literatu re  Review
Pipelines are a necessary part of our life as they are employed for the transportation of 
fluids we need daily. Petroleum products, water and natural gas are such fluids that are 
delivered to our households continuously via pipelines.
The distribution of population and the location of gas and oil reserves in Australia has 
led to the need for a network of land based pipelines, in fact a total of a 12000km 
length of pipeline had been established by 1999. Figure 1 demonstrates all the existing 
and proposed pipelines throughout Australia. Manual metal arc welding has been used 
almost exclusively in the field to make the circumferential butt joints between pipe 
sections.
Feasibility work over the past two years has shown that mechanised gas metal arc 
welding is a suitable alternative and it has been used successfully in other countries 
around the world. Automation is not only desired for improved costs but to develop a 
welding procedure less dependant on a high level of skills and produce welds that 
exhibit reproducible quality in the field.
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1.1 Overview of Qas Pipeline Sjistems
The most common diameters of Australian pipelines are 14 inch with a maximum 
allowable operating pressure up to 15.3 Mpa [1].
Steel used for gas pipelines are based on the American Petroleum Industry (API) 
standards of which the API 5L specification covers pipe grades from API 5LX42 to 
API 5LX80, where the X designation covers the pipe yield strength in MN/m2 [3]. 
Australian standard (AS 2885) has been developed for pipelines in Australia and part 2 
of this code sets out the requirements for welding pipelines in the field.
Manual metal arc (MMAW) welding, using cellulosic electrodes is almost exclusively 
used for the girth welding of Australian land based transmission pipelines. The 
commonly established welding procedure consists of the following major activities [1];
^  Any corrosion located at the end of the pipe, either inside or outside, is brushed off 
by an operator prior to positioning and clamping the ends of two successive pipes.
^  The pipe is lifted by a side boom and guided by two operators to slide over the 
clamp, setting a gap of approximately 1.2mm between the two pipes before they 
are internally clamped together.
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^  Upon release by the side boom, the free end is supported by sandbags and timber.
^  The root bead is deposited on the lined up pipe-joint usually by two welders. The 
first welder will start welding at the 12 o’clock position towards 3 o'clock while the 
second welder will start at the 9 o'clock position towards 6 o’clock. The first welder 
will continue welding from 3 o'clock to 6 o'clock, depending on the pipe diameter a 
new electrode may be needed to complete the run, and the second welder will start 
to weld at 12 o'clock and complete welding at 9 o'clock.
^  When around 80% of the root pass is completed the internal clamp is released and 
the line-up crew pull the internal clamp to the next joint.
^  One more pass, the hot pass, may be completed before welders move on to the next 
joint while a second group of welders deposits the fill and capping passes.
The rate of progress is determined by the rate at which the front end crew deposit a 
root run of sufficient strength to allow removal of the line up clamp. This determines 
how quickly a new pipe section can be added to the front end of the pipeline.
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1.2 Qikth  Weldinq Options
1.2.1 Pipeline Materials in  A ustealia
In comparison to other parts of the world thinner wall materials are used for the 
pipelines in Australia. To allow for thinner wall thickness, high strength low alloy 
steels are needed which in turn makes it possible to allow for an increase in system 
pressure. A common international trend appears to be towards the adoption of high 
strength pipelines as there are great economic benefits;
^  Reduced gas transportation costs [1]
^  Lower pipe procurement and transport to site costs
^  Reduced welding costs due to thinner wall
With the steel pipes API 51 X65 and API 5L X70, the carbon and manganese contents 
are limited to ensure good weldability. However the current trend of increasing the 
yield strength has led to a further development of the API 5L X70 and X80 grade 
steels have been produced. According to tests on weldability of the X80 grade pipe by 
Barbaro, Meta, Williams & Fletcher [4] it may be concluded that X80 grade pipe is 
even more weldable than the X70 grade pipe which itself has been successfully welded 
in the field. The use of API 5L X80 grade pipe has recently been considered for 
Australian pipelines.
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1.2.2 Weldability and Weld Tovqhness
High strength low alloy steels can be welded with most common arc welding processes 
using suitable welding procedures. The selection of the process depends on the 
thickness, position of the joint and the physical location of the part to be welded. The 
low carbon equivalent of these steels should make them less susceptible to cracking in 
the heat affected zone. It has however been reported that some high heat input welding 
process might cause excessive grain growth and precipitation of microalloying 
elements, both of which lead to reduced mechanical properties [1].
The heat affected zone toughness properties are dependent on the parent metal 
composition, the welding process used and welding conditions. In order to match the 
parent metal properties, a slightly higher alloy content is required in the weld metal. 
Nickel, chromium, manganese and molybdenum alloying may be used to produce a 
weld metal yield strength equivalent to that of the parent metal [5],
MMAW with cellulose coated electrodes is the most common field welding process 
and increasing use is being made of high strength pipelines. Problems may be 
anticipated in the future due to hydrogen assisted cold cracking in the weld metal. 
Large quantities of hydrogen are deposited into the weld zone due to the 
decomposition of the electrode. Weld metal hydrogen cracking may become a problem 
when welding high strength pipeline steels even if heat affected zone (HAZ) cracking 
problems can be avoided. Also it may be difficult to achieve the required levels of 
weld metal toughness when using high strength cellulosic electrodes.
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Adequate weld metal toughness can be achieved by producing thin weld layers with a 
high proportion of reheated metal. The relatively high heat input helps to provide a 
normally acceptable HAZ hardness but the major problem is the generation of large 
levels of hydrogen (>50ml/100gm) [6].
Preheating may be used to avoid weld metal cold cracking but this requirement would 
significantly affect the production performance and economics of the entire operation. 
As a result of this potential problem an alternative welding process which gives a low 
hydrogen weld deposit should be considered.
1.2.3 Ghith Welding Processes
The need for a competitive process for producing high quality welds in thin wall pipe 
suggests that the process requirements should include;
^  Ideally a one shot welding process 
^  A one sided process
- Reliable in Australian geographical terrain, rain forests, 
deserts, mud, etc
Able to produce high quality welds on high strength low 
alloy steels 
cg= Low hydrogen
^  Easy to mechanise, automate and operate 
^  Short setup time
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High welding speed
^  High completion rate for the root run 
^  Unaffected by wind, dust, sand, moisture and temperature 
variations
^  Portable and robust
Minimum edge preparation 
Low maintenance cost 
^ High level of safety 
Cir Capable of 24 hour operation
Low Hydrogen Coated Electrodes
One alternative method is to use low hydrogen coated electrodes with the manual 
metal arc welding process. The low hydrogen basic coated electrodes can provide 
superior weld metal toughness in comparison to the cellulosic electrodes and are less 
susceptible to cold cracking [1]. Even though these electrodes have been available for 
a while their impact on the pipeline industry has been low. Although the level of 
welding skill required is no greater than that for cellulosic electrode welding, welder 
training is still necessary due to the difference in welding techniques [1]. The limited 
field usage of the low hydrogen electrodes would indicate that they may be more prone 
to welder induced defects and that their operating parameter tolerances may be too 
narrow.
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Previous work [8] has shown that mechanised gas metal arc welding offers a low 
hydrogen capability and addresses several of the issues listed above.
M e c h a n is e d  Gas M e t a l  Arc  W e l d in g
Gas metal arc welding (GMAW) is a fusion welding process that establishes an arc 
between a continuous filler metal electrode and the weld pool. The filler wire is of 
positive polarity and is continuously fed towards a negative polarity workpiece. The 
energy required to melt the anode wire and the joint area is supplied by the arc which 
bums within a shielding gas. Shielding is required to protect the arc and weld pool 
from the surrounding air and maintain a stable arc [7]. Figure 2 illustrates the gas metal 
arc welding process.
Figure 2 Gas Metal Arc Welding Process [7J
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GMAW is a low hydrogen process and hence reduces the risk of cold cracking. Since 
the wire feed is continuous long welds can be deposited without stops and starts, 
deposition rates are high and welding may be performed in all positions. For these 
reasons GMAW can achieve in high production rates.
With mechanised GMAW pipe welding systems the welding head is guided around the 
joint along a track, but an operator may still be required for minor in process 
adjustments. Depending on the system used the root run may be completed internally 
or externally using an internal backing plate. The internal system works well for larger 
diameter pipes but is more difficult to use with the smaller diameter pipes that are 
more common in Australia.
Economic analysis of closely similar projects constructed in the similar time frame 
suggests that the mechanised process can be at least twice as productive, in terms of 
man-hours per weld, as the conventional process.
Welding procedures are based on the short-circuit mode using relatively high currents 
and slight deviations from the preferred parameters may result in weld defects, 
particularly lack of sidewall fusion [10]. The conventional gas metal arc girth welding 
techniques which are most commonly applied internationally are not regarded as 
appropriate due to the small diameter and thin wall of the pipe which is likely to be 
employed in the future [1].
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M e c h a n is e d  GMAW -  C o n t r o l l e d  T r a n s f e r
Developments in GMAW include the use of pulsed transfer and a controlled dip 
transfer. The pulsed transfer mode has been used successfully in Canada for land based 
pipe, although a potential weakness of the pulse mode is the lack of tolerance to 
varying root preparation. The high arc force during the pulse makes it more difficult to 
control bum through [1].
The controlled dip transfer mode commercially available as the 'Surface Tension 
Transfer' mode (STT) virtually eliminates spatter and improves arc stability. This in 
turn improves the control of the process particularly for single sided root bead welding 
and has successfully been applied to single sided, unbacked welding of pipe. STT 
requires a power source capable of delivering and changing the current in 
microseconds. The typical transient waveform for the process is shown in figure 3.
voltage
3 0009 03261977 2
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High root run completion rates have been reported [9] with the controlled surface 
tension transfer mode and cold cracking has not been a problem. A major advantage of 
the STT mode is the ability to complete the root pass with a single sided, unbacked 
weld.
Feasibility studies [1] have shown that the controlled gas metal arc welding process is 
a suitable alternative to manual metal arc welding for X70 grade steel and above.
To complete the joint between two successive pipes a number of weld passes are 
needed;
^  Root pass 
:'a Hot pass 
ĉ  Fill passes, and 
^ Cap pass
The number of fill passes required mainly depends on the thickness of the pipe. The 
surface tension transfer mode may be used to complete the root pass as it allows for 
single sided, unbacked welding and the fill passes would be carried out using the pulse 
transfer mode, which is well proven elsewhere [10].
One concern with gas metal arc welding is the possibility of lack of fusion and other 
weld defects.
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1.3 On  Lin e  M onitohinç
Monitoring techniques are available for calibration, trouble shooting and defect 
detection in welding processes. These vary from simple meters to on-line computer- 
based systems that collect the transient information from a welding cell and report it in 
a meaningful manner.
Computer-based monitoring systems provide facilities for on-line quality assurance 
that can make a significant contribution to the cost and reliability of the welding 
operation and reduce the need for post-weld testing [34]. The data obtained may also 
be used for optimising the welding process.
A number of monitoring and defect detection systems have been developed to monitor 
and detect various parameters and defects. Just to name a couple of systems, Ogunbiyi 
[16] developed a system to:
• Control weld bead geometry
• Detect and control metal transfer
• Assess welding arc stability
• Optimise welding procedure, and
• Prevent undercut
Marta Fernandes [25] developed a method to detect porosity using a pattern 
recognition system.
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1A Project A im  and  Tasks
From the foregoing it is clear that mechanised GMAW girth welding is a viable 
alternative for welding pipelines in the field. The process may result in certain 
characteristic weld defects but it also allows on-line monitoring to be applied as a 
quality assurance tool.
This thesis looks at the development of a system that will detect the most common 
welding defects that may occur in the root pass of 9mm thick X80 grade steel pipe 
made with GMAW. The aim of this thesis is to develop a computer based system for 
on-line monitoring and defect detection using the transient arc voltage, current and 
wire feed speed as inputs.
The initial task was to establish the possible defects that may occur during welding on 
Australian pipelines, and to determine which defects are more common. It is then 
necessary to determine what signals may be used to detect each defect and which 
process variable or variables affect the defect so that suitable control algorithms may 
be developed.
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Ch a p t e r  T wo
Defect A n a lysis  - Background
To implement a defect detection system for the mechanised gas metal arc girth welding 
process, all defects that may possibly occur must firstly be identified. Unlike the 
conventional manual metal arc welding process, due to its intrinsically low hydrogen 
content GMAW is essentially immune to cold cracking. But as with any other welding 
process GMAW does produce discontinuities and defects that are much less disruptive 
than cold cracking and may be dealt with rationally on a fitness for purpose basis.
Discontinuities or defects that may occur during Gas Metal Arc Girth Welding are
[11]:
or Weld-metal cracks 
Porosity 
^  Inclusions 
Lack of fusion 
^ Lack of penetration 
^  Undercutting 
Bum-through 
^  Incorrect bead size
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From the list of possible defects that may occur during girth welding lack of sidewall 
fusion is the most common, followed by porosity, then lack of penetration and finally 
burn-through. Most of the defects occur in the fill passes [21].
Studies of projects, which have utilised mechanised gas metal arc welding, indicate 
that the proportions of each defect occurring of the total number of defects are as 
tabulated below [12]:
D efect Percentage o f  O ccurrence
Lack of fusion 66.9 %
Porosity 22.0 %
Lack of penetration 4.1 %
Burn through 2.6 %
Others 4.4 %
Table 1 Defect Occurrence and Frequency of Occurrence
The more frequently occurring defects, lack of fusion, porosity, lack of penetration and 
burn through were the defects that were focused on throughout the course of the 
present study.
2.1 Process Variables A ffecting the Defects
For a defect to be detected, the causes or the process variables affecting the defect 
must be understood. Table 2 describes what process variables affect each of the defects 
that may occur during gas metal arc girth welding.
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D efect Process V ariables
Lack of fusion f(MR/HI)
Porosity f(stand off, stability, gas flow)




Weld metal cracks f(HI) poor fit up, high joint 
restraint, CE, CR
Incorrect bead size f(HI/WFR)
Table 2 Process Variables Needed for Detection of Defects
Where:
f( ) indicates a function of the item enclosed in brackets, 
MR -  melting rate,
HI -  heat input,
WFR -  wire feed rate,
CE -  carbon equivalent of weld metal,
CR -  cooling rate.
The causes or the variables affecting each of the more common defects can be seen in 
table 2. Lack of fusion is a function of the melting rate and the heat input. Porosity 
may be affected by either or a combination of the stand off, arc stability and gas flow, 
both lack of penetration and burn through are functions of the heat input [2],
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2.2 Lack of Fusion
Lack of fusion occurs when the arc fails to sufficiently heat and melt the parent metal, 
thus failing to fuse with the weld metal. A classic example of lack of fusion is shown 
in figure 4 with a portion of the weld bead completely separated from the parent metal.
Figure 4 Weld Sample with Lack of Fusion
Lack of fusion is a result of the heat input being too low which in turn is a result of 
either or a combination of the following:
^  Weld travel speed being too high
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The effective arc heating current for short circuit transfer 
being too low
2.2.1 F usion A rea Prediction M odels
It has been previously shown that fusion area is proportionally related to heat input 
[13] and models exist to predict the fusion area using the heat input. Two such models 
have been developed by Na [14] and Persson and Stenbacka [15]. Firstly it is important 
to define the fusion area, it is the region where the parent metal has melted and 
coalesced with the filler metal. The fusion area as clearly defined by figure 5 is also 
known as dilution.
ModeCdeveCojpedby N a
The model developed by Na consists of two formulae one being for the prediction of 
fusion area for a moving line heat source and the other formula is for the prediction of 
fusion area for a moving point heat source. The selection between a moving line heat
19





If plate thickness, T < T 









T = critical thickness (m)
r)bm = Pa - Pw= base metal efficiency
pa = arc efficiency
pw = wire efficiency
'i
p = density of base metal (kg/m ) 
c = specific heat of base metal (J/kg°C)
00 = ambient temperature (°C)
HI = heat input = Y_iJL (J/m)
TS
V = average voltage (V)
1 = average current (A)
TS = welding travel speed (m/s)
Moving line heat source 
=> Moving point heat source
20
Prediction o f  fu sio n  Jlrea fo r a M oving £ine M eat Source:
2 • 0.242-rjbm-HI o 
Af = p c-(0m - Go) (m2)
Prediction o f  fu sio n  Jfrreafor a M oving Point Sfeat Source:





a = thermal diffiisivity (a = X / p-c) (m /s)
X = thermal conductivity of base metal (W/m°C) 
0m = melting temperature of base metal (°C)
tModkfdêveûjjyecf 6y Persson andStenfiacfca
This model predicts the weld cross sectional area for bead on plate welds. The weld 
area comprises of the fusion area and the weld bead area.
aria.HI
Aw = 0.368- k (em. e0) (m2)
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where:
Aw = weld area (m2) 
rja = arc efficiency
The fusion area may then be determined by subtracting the weld bead area from the 
weld area. That is,










WFR = wire feed rate (m/s) 
A = area of electrode (m ) 
d = diameter of electrode (m)
Both models relate fusion area to the heat input in a linear manner suggesting that an 
increase in heat input should result in a larger fusion area or alternatively a reduction in 
heat input should result in a smaller area of fusion. This suggests that a certain amount 
of heat is required to fuse the parent metal thus verifying the above statement of lack 
of fusion being the result of low heat input.
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2.2.2 Effects of T ravel  Speed  on F usion A f̂ea
The interval of time between the melting of the parent metal by the arc and filling with 
molten weld pool metal is one of the main reasons for the formation of a zone of lack 
of fusion. The longer the time interval, the more likely it is that lack of fusion will 
develop [16]. The interval increases with travel speed since the metal is expelled more 
towards the rear of the weld pool causing the interval between the melting to become 
longer. In addition, increased travel speeds tend to produce a weld bead of excessively 
convex profile, which is difficult to fuse adequately.
Low travel speed may also result in a lack of fusion. Low welding travel speed allows 
the weld pool to build up and eventually run ahead of the arc preventing a sufficient 
amount of heat from being transferred to the parent metal and resulting in a lack of 
fusion.
Since HI = J/m,
It would be expected that a low travel speed results in a large heat input and according 
to the models in section 2.2.1 should result in a large fusion area. However with the 
argument that a low travel speed can cause a lack of fusion, it may be confidently said 
that even if the required heat is applied to the weld fusion may still be prevented by a 
low travel speed.
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2.2.3 De te c tio n  of Lack  of F vsio n
To detect a lack of fusion, the two factors affecting it must be related and used to 
develop an algorithm. Since a certain heat input is required for fusion to be sufficient, 
but either extreme of the travel speed may lead to a lack of fusion then both heat input 
and travel speed need to be analysed.
The extremes of both variables may be found by carrying out a series of weld runs and 
varying the travel speed while adjusting the voltage and current so as to maintain a 
constant heat input. Varying the travel speed ranging from a low value to a high value 
allows the development of the extreme points where lack of fusion may occur.
2.3 Ponosiry
Porosity is the result of gas that has been entrapped by the solidification of the weld 
metal. Porosity may be of spherical shape or tunnel shape with well rounded edges as 
shown in figure 6 . Porosity may occur both internally and externally.
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Figure 6 Magnified weld sample with porosity
2.3.1 Causes of Ponosiry
Improper welding techniques, contamination, or an improper chemical imbalance 
between the filler and base metals may cause porosity [18].
In ferritic steels nitrogen from the atmosphere is the most common cause of porosity. 
Nitrogen is soluble in liquid steel but relatively insoluble in the solid material. Any gas 
absorbed in the liquid must be ejected on freezing.
In addition:
Improper welding techniques may trap the shielding gas pockets.
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^  The intense heat of the weld can decompose contamination such as slag, 
dirt, oil, and rust or other oxides. The vaporisation of impurities can cause 
some of the larger porosity.
Using the incorrect type of filler metal can cause improper chemical 
balance. It also can be caused by hydrogen reacting with sulfur to form 
hydrogen sulphide gas or more commonly carbon and oxygen reacting to 
form carbon monoxide if insufficient deoxidants are present in the filler 
wire.
Nitrogen porosity caused by a lack of shielding gas is the most likely phenomenon if 
the correct filler wire and adequate joint preparation are used. The nitrogen may be 
entrained due to:
^  Inadequate shielding gas flow rate.
Drafts may deflect the shielding gas coverage, hence 
allowing for contamination of the weld pool.
^  Spatter build up in the nozzle may restrict the shielding gas 
flow.
Leaks in the shielding gas supply lines.
^  An excessive stand off.
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2.3.2 (¡¡as Flow Detection
The gas flow may be measured using a gas flow sensor and compared to the required 
gas flow according to the procedure. A gas flow sensor can also be implemented into 
the monitoring system displaying the actual gas flow in real time. If the gas flow 
sensor reads a lower than required gas flow rate, the monitoring system may alert the 
operator whom then may resolve the problem. The gas flow sensor would be an 
effective means of predicting porosity due to low gas flow but would be unreliable in 
the case of a draft or nozzle blockage. Whilst the gas flow entering the welding gun 
may be accurately measured by the sensor, once the gas exits the nozzle a draft may 
disperse the shielding gas and this would not be detected by the sensor.
In the case of insufficient shielding gas the welding arc becomes unstable. This may be 
seen in figures 7 and 8.
Figure 7 Voltage Signal of a Stable Weld
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Figure 7 displays the real time voltage and current signals of a weld with a sufficient 
gas flow to avoid porosity. The welding process used for this weld is GMAW with the 
pulse mode of metal transfer using the Fronius Transpuls 2700 power source. It can be 
seen that the signal is consistent, whereas the voltage and current signals shown in 
figure 8, from a pulsed weld with an insufficient gas flow, demonstrates how the 
voltage trace in particular is affected by the lack of gas.
In this case lack of gas causes the arc length to vary continuously and in order to 
accommodate this change the period between pulses varies as shown in figure 8. Due 
to the variation of the duration between pulses and the fluctuating voltage caused by 
the changing arc length, the standard deviation of the voltage would be larger than a 
more stable weld and may for example be used to detect a lack of shielding gas.
Calculating the standard deviation at 0.2 second intervals during the weld should allow 
the point at which the gas flow is insufficient to be determined. For example if there
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was a sudden gust of wind during a weld the shielding gas would be dispersed and the 
standard deviation of the voltage should increase. By calculating the standard deviation 
at 0 . 2  second intervals and by knowing the torch travel speed, the point on the weld 
during which the shielding gas was dispersed may be determined.
In addition, the fluctuating periods between pulses results in a variation of pulse 
frequency. The pulse frequency is a function of the power source controller and would 
differ between various power sources. It was noted earlier that a lack of gas causes the 
period between pulses to deviate. The deviation is caused by the lack of gas that leads 
to a larger arc length. An increase in arc length results in a larger length of the 
electrode burning back due to the greater heat input, thus forcing the power source to 
accommodate for the larger contact tip to work piece distance by extending the period 
between pulses. An increase in the period between pulses results in a smaller pulse 
frequency and since the duration between pulses fluctuates then so would the pulse 
frequency. Monitoring the pulse frequency and detecting continuous changes would 
suggest instability of the weld and possible porosity.
2.3. 3 Detection oe PonosiTy
It was stated earlier that porosity is likely to arise due to a lack of gas. A simple 
solution would be to add a gas sensor to the monitoring system that may warn the 
operator if the gas level does drop. The problem with using a gas flow sensor is that a 
lack of gas flow at the tip of the welding torch caused by a gust of wind would be 
undetectable. Another means of detecting porosity needs to be determined. Porosity
29
has been extensively analysed by Marta Fernandes [25] at the University of 
Wollongong and a method of detecting porosity using a wavelet analysis has been 
developed.
Therefore in order to detect porosity for pipe welding, the wavelet analogy algorithm 
may be applied to the 'pipeweld' software and used for the detection of porosity.
Figure 9 Bead on Plate Weld with Porosity Due to a Lack of Shielding Gas
2.4 Lack of Penetration
Lack of penetration applies only to the root run and it occurs when the weld metal fails 
to penetrate the full thickness of the pipe. An example of a lack of penetration can be 
clearly seen in figure 10.
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Figure 10 Weld Sample with Lack of Penetration
Lack of penetration is a similar problem to lack of fusion in the sense that they are both 
related to heat input and travel speed. Other causes of lack of penetration include:
Improper joint design or root opening preventing adequate 
access to the bottom of the joint.
Failure to maintain the arc on the leading edge of the weld 
pool.
When the root gap is large enough, usually greater than 1.5mm, to allow for adequate 
weld metal access to the bottom of the joint then penetration may only be affected by a 
low heat input or either a low or high travel speed. Usually a high travel speed should
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not be a problem since the extreme speeds needed to achieve a lack of penetration are 
too high for the girth welding process due to the arc becoming unstable.
In order to detect lack of penetration the minimum heat input required to achieve 
sufficient penetration must be determined along with the minimum travel speed. As 
with the lack of fusion problem, the limits may be used by the monitoring system to 
detect and notify the operator if a lack of penetration should arise. Since the method of 
detection for both lack of fusion and lack of penetration are based on the same 
principles, it would seem possible that if a lack of penetration should occur then a lack 
of fusion may be associated. This is supported by the weld sample shown in figure 10 
where it can be seen that both lack of fusion and a lack of penetration are evident.
2.5 B uKN-Th$OUC;h
Bum through occurs when the weld pool collapses and an unwelded portion appears in 
the root of the weld. Bum through is a result of:
^  Excessive heat input
C4r Root opening too wide or root face too small
If bum through occurs the arc may be extinguished and the filler wire may pass 
through the gap.
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Figure 12 Diagram of Burn Through
D u tn  Througfi Detection
The root gap should be generally less than 2.5mm, and the root face should be between 
1 and 1.5mm for GMA welding with controlled dip transfer. When the conditions are 




: " ' Low travel speed
The root gap is defined in figure 11 as the distance between the root faces of two 
successive pipes being joined together. Where the root face may be defined as the 
thickness of the tip of the chamfer at the end of the pipe.
If the root gap is too large then bum through may occur due to the difficulty of 
supporting the molten pool and the ease of the electrode passing through the root gap. 
Alternatively, if the root face is too small then the arc may bum through the thickness 
of the root face hence increasing the root gap as shown in figure 1 2 , allowing for the 
electrode to protrude freely through the root gap. But if the both the root face and root 
gap are well prepared, bum through may only occur due to a excessive heat input. The 
excessive heat may bum back the tips of the pipe once again causing the root gap to 
increase and resulting in bum through.
Since bum through results in a lack of contact between the electrode and the workpiece 
then the voltage and current signals may be used to detect when bum through occurs. 
As a result of the arc failing the current should drop to zero. The signals may be used 
by the monitoring system to detect for any such drops.
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2 .6  S v M M A ^ y
Several defect detection strategies have been proposed for the most common defects 
found in pipeline girth welding.
Lack of fusion:
Lack of fusion may be detected by monitoring the heat input and travel speed and 
ensuring that they are within a suitable range.
Torosity:
The application of a gas flow sensor may assist in recognising a change in gas flow. A 
change in gas flow whether it is too high or low may result in weld porosity. Therefore 
by identifying a change in the gas flow would allow for the operator to take necessary 
measures so as to prevent porosity from occurring.
In addition, previous work by Fernandes [25] who developed a system that detects 
porosity may be applied to the monitoring system and used to detect porosity if it
should arise.
Lack of Penetration:
Lack of penetration may be detected in a similar manner to lack of fusion by 
monitoring the heat input and travel speed.
'Burn Through:
To detect bum through the monitoring system would need to monitor the voltage and 
current. If bum through occurs, the arc momentarily extinguishes and thus the current 
drops to zero. Therefore the monitoring system may use this characteristic of the 
current dropping to zero to detect bum through.
In order to validate these strategies it was necessary to carry out an experimental 
investigation.
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Çh a p t e k  T h e s e
Experim ental  System
To simulate actual girth welding applications as carried out on site, an experimental 
system was set up.
3.1 POWEK SUPPLy
With the proposed system, two power sources need to be used to complete the girth 
joints. A surface tension transfer mode power source is used to complete the root 
pass and the fill passes are carried out using the pulse transfer mode. The two power 
sources used for the present experimental work were the Lincoln Invertec STT II and 
the Fronius TPS 2700.
3.1.1 L inco ln  I nveqtec  S T T  I I
The Lincoln Invertec STT II power source is specifically built for the surface tension 
transfer operation. The power source controls the current in a manner so as to
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virtually eliminate spatter and maintain arc stability for variations in extension 
length. It improves the control of the process particularly for single sided root bead 
welding. The current supplied by the power source is controlled by the state of the 
arc voltage as described in figure 13. The effects on the electrode throughout the 
various stages of the STT process are shown in figures 14a through to 14e which are 
images taken using a high-speed digital camera at each stage of the short circuit 
process.
Figure 13 Electrode current and voltage waveforms for a typical welding cycle [19]
Figure 14a - Droplet formation 
prior to short circuit
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Figure 14b - Electrode initially 
shorting
Figure 14c - Electrode necking 
prior to rupture
Figure 14d - Separation of droplet 
from electrode
■
 Figure 14e - Period of arc boost
Where the electrode is burnt back
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The period T0 to Ti is the arcing period during which the molten droplet on the end 
of the electrode forms into a near spherical ball (fig 14a) due to the surface tension. It 
is the period prior to shorting and the arc current level at this stage is the background 
current.
Ti to T2 is known as the ball time at the beginning of which is when the short initiates 
(fig 14b). At this point the arc voltage detector recognises the drop in voltage due to 
the short and the background current is further reduced to 10 amps for about 0.75 
milliseconds.
Then the pinch mode begins, period T2 to T3, which accelerates the metal transfer by 
ramping the current. Due to the high resistance of iron at its melting point the voltage 
during the pinch mode is not zero and increases as the electrode gets hotter due to the 
increasing current until the change in voltage, dv/dt reaches a certain level. At this 
point, T3 (fig 14c), the droplet is about to be transferred to the weld pool and the 
current is reduced to allow for the drop to separate without breaking apart thus 
minimising spatter. T4 of figure 13 is the point of rupture as shown in figure 14d.
The period T5 to T6 (fig 14e) is known as plasma boost. Following the separation of 
the droplet the arc is reestablished and a high current is applied which is known as 
the plasma boost. The electrode is quickly saturated by the current and it is burned 
back thus reducing the risk of premature shorting.
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Following the plasma boost the current reduces logarithmically and levels out at the 
background current. This is the plasma period (T6 to T7).
3.1.2 F11 oni  us Tuans puls S yN w q ic  2700
Gas metal arc welding in the spray mode of metal transfer offers a more controlled 
mode of metal transfer however, the threshold current for spray transfer is too high to 
support an all-position capability. Further development of spray transfer, led to the 
pulse mode of metal transfer and extends the range of spray transfer to lower mean 
currents allowing welding in all positions.
Pulsed welding operates by supplying and maintaining a current above the spray 
transition current long enough to detach a molten droplet. When the droplet is 
transferred, the current is reduced to a relatively low current level allowing the 
average arc current to be reduced to the range suitable for positional welding, while 
the periodic injections of high current pulses allow for the metal to be transferred in 
the spray mode. The high arc force during the pulse makes it more difficult to control 
bum through and thus makes it less viable than the STT mode of transfer for the root 
pass. But the pulse transfer mode is suitable for the fill passes of the joint.
The Fronius TPS 2700 power supply provides a pulsed mode of metal transfer as 
described previously and was used throughout the experimental work, for the fill
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passes. Figure 15 is a typical pulsed current and voltage signal recorded during 
welding with the Fronius power source.
Figure 15 Typical Pulse Waveform
3.2 S h ie ld in g  (¡as
The main function of the shielding gas is to provide protection to the molten metal. It 
prevents the atmosphere from contacting the molten weld metal because most metals, 
when heated to their melting point in air, display a great tendency towards forming 
oxides. Oxygen can also react with carbon in molten steel to form carbon dioxide and 
carbon monoxide [20]. These varied reactions of the molten weld metal with oxygen 
will lead to defective welds. The shielding gas also prevents Nitrogen from entering 
the weld pool and reduces the possibility of porosity from this source.
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Not only do the shielding gasses provide protection to the molten weld pool from the 
atmosphere but they also affect the:
rjr Arc characteristics 
^  Penetration, and 
rjr Weld bead profile.
In order to determine the effects of different shielding gasses on the resulting welds, 
a series of weld runs were performed using three different shielding gasses. These 
include Argoshield 50 (92.5% argon, 5% carbon dioxide and 2.5% oxygen), 
Argoshield Universal (81.25% argon, 16% carbon dioxide and 2.75% oxygen) and 
100% carbon dioxide. The completed welds were compared and analysed to 
determine any differences in weld characteristics.
3.3 Electrodes
The electrodes for gas metal arc welding are covered by Australian and US filler 
metal specifications. Table 1 of appendix A shows the specifications for various 
GMAW electrodes suitable for pipeline materials. Generally, for welding 
applications, the composition of the electrode should be similar to the chemical 
composition of the parent metal. The filler metal may be altered slightly to 
compensate for losses that occur in the welding arc, or to provide for the deoxidation 
of the weld pool [2 0 ].
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Plain carbon steel AS AWS.5.18. ER70S6 filler metals are used for the joining 
application of pipelines. Thyssen K Nova falls into the ER70S6 classification and 
may be used to produce matching strength welds in pipeline grades up to X70. For 
X80 the common practice is to use a ER70S6 filler for the root and an alloy wire 
such as Thyssen NiMo80 for the fill passes. Standard ER70S6 filler metals of similar 
mechanical properties to the filler metals named above are also available. The basic 
difference between the standard metals that comply with the ER70S6 specification is 
the level of trace elements present and the production route used for the raw 
materials. To compare the effects of the electrodes and to determine the difference 
between the common ER70S6 and the Thyssen K Nova electrode, a number of welds 
were produced using the different filler metals.
Tables 2, 3, 4 and 5 of appendix A indicate the selection of filler metals for pipeline 
welding, the specifications of the Thyssen K Nova, Thyssen NiMO 80 and the 
standard S70 electrodes respectively.
3.4 Welding m g  and Bug-0 Tractor
The welding rig is a simple sturdy frame, as shown in figure 16, that comfortably 
accommodates 16 and 18 inch pipes. It consists of four arms that cradle the pipe and 
act as clamps to keep the pipe in position. Attached to the arms is an orbital track that 
allows for the bug-o tractor to traverse around the pipe.
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In addition to the orbital track, another rig has been built which is a flat bed that 
accommodates flat plates. It is capable of rotating through 360 degrees thus allowing 




Figure 16 Welding rig and Bug-O
The Bug-0 is a motor driven multi-purpose tractor that traverses around the pipe 
using a rack and pinion drive. The motor drives the pinion that engages with the rack 
along the orbital track. A control pendant controls all of the tractor functions. The 
travel speed of the tractor is displayed on the control pendant allowing the operator 
to easily and accurately vary the speed which ranges between 0-3000 mm/min.
Protruding from the Bug-0 is an adjustable cross slide, also driven by a motorised 
rack and pinion system. The welding torch is attached to the arm that allows the 
torch to be easily aligned with the joint. Using the motorised cross slide, the bug-o is 
capable of weaving the torch from side to side. The weave width, weave speed, dwell 
time at either extreme of the weave and weave type are all controlled via the control 
pendant.
3.5 M o n i to r in g  S y s te m
The monitoring system used comprised an integrated hardware and software system 
for monitoring, in real time, the quality of gas metal arc girth welding. The 
monitoring system consists of a laptop computer containing a data acquisition card 
that is connected to a signal conditioning box. The signal conditioning box acts as an 
interface between the sensors and the data acquisition card. Figure 17 schematically 
describes how the hardware is setup.
Figure 17 The monitoring system hardware setup
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3.5.1 S ensors
Sensors are used to collect the necessary information from the welding cell and 
transfer it to the computer via a signal conditioning unit. Three sensors are needed to 
determine the arc voltage, current and wire feed rate.
yoCtage Sensor
The voltage sensor is simply a pair of leads with clips on one end of each lead and 
they are attached as close as possible to the tip of the electrode and the workpiece. 
Ideally it is desired to measure the through the arc voltage which is the voltage across 
the electrode tip to the workpiece or more specifically the molten weld pool. It is 
impractical to achieve this therefore the positive lead is usually attached to the power 
terminal at the wire feeder as it is the most practical position nearest to the electrode 
tip and the negative lead is attached to the workpiece. If the leads are placed 
incorrectly no harm will be done to the system but inaccurate results may be 
achieved. The voltage sensor can sense voltage ranging from 0 to 100 volts.
Current Sensor
The current sensor is used to sense the through the arc current and it works on the 
hall effect principle. It needs a +/-15 volt power supply which is supplied by the
signal conditioning box. The sensor simply clips around either the torch lead or earth 
cable and an arrow on the sensor ensures that the sensor is placed correctly by 
pointing the arrow in the direction of the conventional current flow.
The current sensor detects a current range of 0 to 500 amps and outputs the signal in 
the form of a voltage ranging from 0 to 5 volts, that is, each unit volt output 
represents 1 0 0  amps.
"Wire feecCHate Sensor
The wire feed rate is measured by attaching a tachogenerator to the wire electrode 
near the wire feeder. The tachogenerator converts the wire feed speed into a 
proportional voltage reading with an output voltage range of 0 to 1.57 volts. The 
maximum voltage output represents a wire feed speed of 2 0  m/min.
3.5.2 SlÇNAL Ç0NDITIONINÇ BOX
The signal conditioning box amplifies, filters, isolates, and excites the low level 
signals that are output from the sensors in order to make them compatible with the 
data acquisition card. The conditioning unit was developed by Milenko Carapic [8] 
but due to the need for a different data acquisition card the circuitry of the unit was
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modified by the author. Appendix B describes the detailed changes made to the 
signal conditioning unit. The data acquisition card used was a National Instruments 
DAQCard 1 -500 and this accepts a maximum signal input of 5 volts.
All of the sensors plug into DIN plugs that are located on the signal conditioning 
box. In addition to the circuitry being altered, the original plugs were changed using 
different pin number connectors for each of the sensors thus eliminating any chance 
of locating the sensors in the incorrect plug and causing any damage to the circuitry 
of the system.
For ease of access, the signal conditioning unit is placed in a briefcase that 
accommodates all the sensors and the laptop computer. On site the signal 
conditioning box would be powered by a generator that would in turn supply power 
to the computer and the power dependant sensors. The case, computer and the 
sensors are shown in figure 18.
Fig 18 Hardware for the monitoring system
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3.5.3 Pipe weld M onitoring Software
The software that reads and analyses the collected data is known as Pipe Weld. Pipe 
Weld was created using Lab Windows by the Cooperative Research Centre (CRC) at 
the University of Wollongong [45]. The arc current, arc voltage and the wire feed 
speed data from the sensors is sampled at 5000 Hertz. The information may be 
displayed on screen and used to calculate the heat input and the deposition area. The 
quality of the weld is determined by comparing the read or calculated data to the 
tolerances set by the operator. If the tolerances are exceeded, the monitoring system 
alerts the operator of the possible problem, suggesting a weld of poor quality has 
been made.
Pipe Weld is specifically designed for pipe welding. The software consists of a 
welding specification section which allows all the necessary parameters to be entered 
just as the welding engineer would normally do when filling out a weld specification 
sheet. Ideally the weld specifications entered should be downloaded to the welding 
cell and the correct parameters set automatically rather than manually. The software 
should also be able to detect any of the most common defects and notify the operator 
of the problem. In addition, the ideal software should consist of a post weld analysis 
screen displaying the results of the final weld.
Pipe Weld starts up with the main screen shown in figure 19, allowing the user to 
choose from a number of options in the form of buttons on the main screen. The user 
may choose from the following options:
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^  Welding specifications 
^  Monitoring panel 
^  Post weld analysis 
^  Operator panel 
Transient data panel 
;3r Board setup panel
Figure 19 Main panel of Pipe weld
IVeCcC Specifications
The weld specifications are needed by pipe weld to perform its necessary 
calculations. The weld specifications would be entered by the welding engineer or 
technician and access is controlled by the use of a password. The operator on site 
would only need and be able to access the operator panel, the monitoring panel and 
the post weld analysis panel.
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Figure 20 Welding procedure specifications panels
Figure 20 shows two panels, the one on the left being the weld procedure sheet and 
the panel on the right asks for the specific details of the root pass. Depending on the 
number of passes entered in the corresponding field on the weld specification panel, 
pipe weld asks for the details of each pass such as that shown for the root pass.
Transient D ata TaneC
The transient data panel as shown in figure 21 displays the high speed data collected 
by the sensors including the arc voltage, arc current, the wire feed rate and it also 
displays the calculated short circuit frequency to test for the stability of the weld. The 
technician may access the transient data panel and use it for troubleshooting 
purposes. The panel also consists of a log function that allows for the signals to be 
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Figure 21 Transient data panel
Monitoring TaneC
The monitoring panel as shown in figure 22 displays the means of each of the 
signals. Pipe weld collects the raw data and calculates the mean of the current, 
voltage and wire feed rate at one second intervals and plots the results on separate 
charts. The weld metal deposition area and heat input are also determined using the 
averaged information and plotted against time on their own charts. All the averaged 
data is plotted using a red line that flows across each chart as the weld is in progress. 
The blue lines on all but the wire feed rate chart represent the tolerance of each of the 
parameters as entered in the weld specifications panel. If the averaged data, the red 
line, ever exceeds one of the blue lines the monitoring system alerts the operator by 
switching the green lights to red.
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Main Panel Transient Data Panel Qperatoi Panel I
Figure 22 Monitoring panel
Operator TaneC
The operator should only need the 'operator panel' which allows for the software to 
begin logging the weld data once the welding initiates. The logged data is stored as a 
text file that shows all the weld specifications and the averaged weld information as 
shown in appendix c. The operator panel also shows the current pass number being 
welded and a clock displaying how much of each pass is complete.
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S tart Logging Data
Reset Logging
Morjftof.no Panel
Figure 23 Operator panel
Tost UveitiJAnaCysis
The post weld analysis screen displays a series of concentric circles (see figure 24) 
representing each pass in the joint. The number of circles drawn depends on the 
number of passes expected as entered in the weld specifications. Any defect that may 
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Figure 24 Post Weld Analysis
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DeveCojrment of TipeweicC
This research aims at developing methods of detecting a number of more common 
defects as listed in table 1. Once the method of detection and the algorithms are 
developed, they will be incorporated into the Pipeweld monitoring system and used 
to alert the operator if the defect should arise.
jAccuracy of the Monitoring System
For each of the signals coming through the condition monitoring unit there would be 
a slight error in the output of the signal. The accuracy of the voltage, current and 
wire feed rate were calculated and listed below:
Voltage => +/- 0 .1 %
Current + /- 1 %
WFR +/- 0.3%
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C h a p t e r  Fovp
W eldinq Pabametebs  
A nd Consumables
4.1 A N A LySIS OF VARIABLES
In order to determine suitable weld parameters for the joining of X80 grade steel pipe, 
a series of welds were performed while varying the wire feed rate, welding travel 
speed and both background and peak currents. Due to the prolonged setup time 
experienced while aligning the pipe in the rig for each weld run, the experimental 
welds were carried out on flat plate. The plates used were 10mm thick, 100mm wide 
and 200mm long X80 grade steel and were prepared in the same manner as the pipe. 
To simulate the different points or positions around the circumference of a pipe, the 
welds were completed in various positions including:
CJr Down hand 
^  Vertical down 
Overhead
^  4 5 ° incline, between down hand and vertical down 
^  4 5 ° position between vertical down and overhead.
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This was done for all the passes that would normally be needed and the parameter 
settings that would work in all of the above mentioned positions were assumed to be 
suitable for the full circumference of the pipe.
Both the flat plate and the pipe were prepared according to the Australian standard AS 
2885/Part 2 with a 30° chamfer, 1mm root face and the gap between the adjoining 
work pieces was approximately 1.5 mm. Although it should be noted that both the root 
face and the root gap are subject to some slight variation throughout the experimental 
work due to the inaccuracy of the preparation work. Figure 25 illustrates the 
preparation of both the pipe and flat plate.
Figure 25 Preparation of 18” pipe and flat plate
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4.2 A n a lysis  of Consumables
The welding parameters were varied to search for suitable working parameters for all 
the positions on the flat plate, the electrode filler metal and the shielding gas were also 
varied so as to compare the effects of different consumables on the resulting welds.
4.2.1 Electrode A n a l y s is
Preliminary welds were made with two consumable groups. As described in section 
3.3, the electrode types used for the root run and fill passes were Thyssen K Nova and 
Thyssen NiMo 80 respectively. The welds produced using these electrodes were 
compared to a standard 70 S6  filler wire. The 70S6 wire was used for each of the weld 
passes. Two representative weld samples were chosen and sliced into smaller sections 
as shown in appendix D. To allow for the analysis of the weld samples each section 
was polished to 1 micrometre diamond pad and etched in 2.5 percent nital. The weld 
samples were identified as the long weld and short weld with the Thyssen electrode 
wires being used for the long weld and the standard 70 S6  electrode wire used for the 
short weld.
From appendix D it can be seen that both the weld samples are poor, exhibit of lack of 
fusion, porosity, undercut and lack of penetration with a good root run but poor fill 
associated with the long weld and a poor root run but good fill for the short weld. Even
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though both of the weld, samples are poor they still allow for the comparison and show 
the difference between the Thyssen and standard electrodes.
Cracks
Figure 26 Micrograph of Weld Section Completed with Standard 70 S6 Electrode
Crack
Figure 27 Micrograph -11 OX Magnification of Weld Section Completed with Standard 70 S6
Electrode
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From figures 26 and 27 it can be seen that the weld performed using the standard 70 S6 
electrode wire contains weld metal cracks that may be due to shrinkage formed during 
solidification and cooling of the weld metal. The magnified micrograph of the weld 
sample using the standard electrode (figure 27) clearly shows the crack in the weld 
metal.
Figure 28 Micrograph of Weld Section Completed with Thyssen Electrodes
Although figure 28 exhibits of lack of side wall fusion, it can be seen that there are no 
weld metal cracks which is believed to be due to the use of the Thyssen electrode. Both 
figure 26 and figure 28 are magnified so as to analyse and compare the weld metal and 
they are reproduced at the same magnification giving a clear indication of the result of 
using a standard filler electrode in comparison to the K-Nova and the NiMo 80. Figure 
27 is magnified to a greater extent allowing for a clearer view of the weld metal cracks.
The conclusion of this analysis is that in these trials the Thyssen K-Nova and the NiMo 
80 electrodes produce higher quality welds than the standard 70S6 electrode. Even
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though the mechanical properties of each of the electrodes are similar, the Thyssen 
electrodes result in better welds possibly due to the absence of trace impurities.
Since the aim of this investigation was to eliminate any defects in the welds, and the 
fact that it has been shown that the Thyssen electrodes produce good welds, they were 
used for all the subsequent experimental welding. Thyssen K-Nova was used for the 
root pass and the Thyssen NiMo 80 electrode was used for all the fill passes.
4.2.2 Sh ield ing  (¡a s  A n a l y s is
Three types of shielding gases were used throughout the experimental welds. These 
were:
carbon dioxide, (100% C0 2)
^  argoshield universal, and (81.25% Ar, 16% C0 2, 2.75% O2)
^  argoshield 50. (92.5% Ar, 5% C0 2 , 2.5% O2)
The use of 100 percent carbon dioxide results in a greater heat input to the parent metal 
than the two argoshield gas mixtures used. Due to its higher thermal conductivity, 
carbon dioxide increases the arc voltage when the other parameters are kept constant 
thus resulting in a higher effective heat input.
When comparing Argoshield Universal to the carbon dioxide shielding gas, it was 
found that the Argoshield Universal produced a smoother weld with better wetting-in 
at the walls of the pipe. The carbon dioxide shielding gas generated larger amounts of
62
spatter in comparison to the low level spatter produced with Argoshield Universal. As 
a result of having the lowest carbon dioxide content, the Argoshield 50 shielding gas 
was found to result in the least fusion in comparison to the other shielding gases.
From this it was concluded that Argoshield Universal was the most suitable shielding 
gas for the pipe welding application. It was found to have better characteristics and 
generate less spatter than 1 0 0  percent carbon dioxide and its higher carbon dioxide 
content than that found in Argoshield 50 results in higher effective heat input into the 
base metal and better fusion characteristics.
4.1 Param eter  Selection
Varying the welding parameters and the weld positions allowed for suitable working 
parameters to be identified. The parameters selected were capable of working 
consistently around the full circumference of the pipe without the need for adjustment 
of any variables. The selected parameters are as shown in table 3 and were successfully 
tested on an 18-inch X80 grade steel pipe [44]. The pipe was sectioned, polished, 
etched and photographed as shown in figure 29.
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Figure 29 Pipe Weld Sample of Four Passes Using the Tabulated Parameters
Root run parameters
Ipeak I  back W FR TS Tailout H ot
Start
Gap
270 A 75 A 6.0
m /m in
390
m m /m in









(m m /m in)




H ot Pass 180 9.0 385 4.5 0.1
Fill 1 180 9.0 300 7 0.1
Cap 180 9.0 235 8.5 0 .1
Pulse Parameters
Ipeak 309 A tpeak 0.0228 (s)
^Background 32.5 A ^Background 0.0042 (s)




Iback — Background current
WFR = Wire feed rate
TS = Travel speed
Other parameters that were controlled but do not vary between passes include the stand 
off or the contact tip to work piece distance that was set to 1 2  millimetres for each pass. 
For each of the fill passes, the weave type was of square form and the transverse weave 
speed was 22 mm/sec [44] (refer to Appendix E). The electrode and shielding gas used 
for the pipe welding process were as previously stated, Argoshield Universal shielding 
gas for all of the passes, the K Nova filler wire will for the root pass and the NiMo 80 
filler wire for all of the fill passes.
The set travel speed on the Bug-0 incorporates the weave speed so the linear travel 
speed had to be determined. This was achieved by obtaining a hard copy of the weave 
by attaching a pen to the torch and noting the time it took to complete a certain length 
of the weave. Appendix E consists of the traces of the weaves used and the necessary 
calculations to determine the travel speed of each weave.
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4.4 EX PERIMENT AL WELDS FOQ DEFECT DETECTION
To gather the necessary information to develop a defect detection system, a series of 
welds were made. Since all of the basic parameters and consumables had been 
determined these were used to achieve required results. Weld samples were also 
needed to explore the lack of fusion and lack of penetration problems. As discussed in 
chapter two, both travel speed and heat input are assumed to affect these defects. A 
series of welds were performed by varying the travel speed for a number of different 
wire feed rates while keeping all the other parameters fixed as described in table 3. It 
was mentioned in chapter two that the travel speed is suspected to be a cause of both 
lack of fusion and lack of penetration. For that reason it was one of the parameters to 
vary. Wire feed rate was varied so as to try and balance the affect of the travel speed 
on the heat input.
The travel speed was varied as follows:
50, 100, 150, 200, 300, 400, 500, 600, 700 and 800 mm/min for a range of wire feed 
rates varying from 3.5 m/min through to 7.0 m/min at 0.5 m/min increments.
These settings were used only for the root pass.
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C h a p t e r  F iv e
Discussion and  A nalysis  of 
Ex pe r im e n ta l  Res ults
5.1 Lack of F usion
Travel speed and heat input were the variables identified as possible causes of lack of 
fusion. As discussed in chapter two, a low travel speed was expected to cause a lack of 
fusion by allowing the filler metal to build up and preventing the heat from the arc 
from access to the base metal. Varying the travel speed for each of the set wire feed 
rates of the experimental welds would allow this assumption to be verified.
5.1.1 F u sion  A rea  A n a l y s is
In fact, the results not only showed that a low enough travel speed would lead to a lack 
of fusion but could eventuate in a weld with no fusion whatsoever. Figure 30 shows 
such a weld. The weld bead just simply sits in the groove instead of fusing to the base
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metal. The weld sample of figure 30 was a root run with a travel speed of 50 mm/min, 
a wire feed rate of 3.5 m/min and the other parameters set as listed in table 3. It can be 
clearly seen that not enough heat has accessed the base metal as it is still in its original 
prepared state. The ends of the plates are still as straight as when they were machined 
and they have just acted as a mould for the weld metal to form into a triangular shaped 
weld bead.
Figure 30 Complete Lack of Fusion as a Result of a Low Travel Speed
After completing the series of welds tabulated in appendix F, they were sectioned, 
polished and etched using 2.5 % nital. The etching allowed for the weld bead to be 
clearly distinguished from the parent metal when digital images of each of the weld 
samples were taken. All of the weld samples are displayed in appendix F and the 
measurement of fusion area was carried out for each of the set parameters.
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To determine the fusion area, another set of welds were performed using the same 
settings as described in section 4.4 but instead of joining two plates the welds were 
made in grooves on single plates. The grooves were machined so as to simulate two 
plates being joined together but without a gap as shown in figure 31.
Figure 31 Preparation of Plate for the Calculation of the Fusion Area
If there was a gap between the two plates and it was filled by the electrode filler metal 
then due to contraction of the weld it would be impossible to judge where the joint 
edges were and hence to determine how much of the weld metal has fused with the 
base metal. With the grooved plate any contraction can be detected from the flatness of 
the plate after welding.
The fusion area was plotted in groups against the travel speed where each group 
represented a different wire feed rate. Figure 32 shows all the data with a different 
coloured line representing each of the set wire feed rates. As expected, the graph 
shows that the fusion area decreases with an increasing travel speed and also verifies 
that if the travel speed gets lower than a certain value, the fusion area decreases 
eventuating in lack of fusion.
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To verify the linearity of fusion area to heat input as discussed in chapter two, the 
resulting fusion area of each weld completed as shown in appendix f  was plotted 
against its corresponding heat input as shown in figure 33. The heat-input range from 
zero to approximately 700 j/mm supports the linearity theory. It shows that as the heat 
input increases, the fusion area increases proportionally, that is up to 700 j/mm and 
after that point the fusion area begins to decrease as the heat input increases. The point 
where the fusion area begins to drop is due to the travel speed becoming low enough, 
hence producing a large heat input, to allow the weld pool to build up large enough to 
prevent the heat from accessing the parent metal.
The fitted line of figure 33 also shows that if the heat input was to be reduced low 
enough, it would lead to zero fusion. From the plot of figure 33 it can be seen that the 
point of zero fusion is achieved at approximately 60j/mm, which is almost half of the 
smallest heat input.
Since,
HI = V I
TS
then heat input, in this case, is solely controlled by the travel speed because the current 
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Figure 32 Plot of Fusion Area Against Travel Speed in Groups of Wire Feed Rates
Heat Input-Fusion Area Plot
Figure 33 Plot Comparing the Effects of Heat Input on the Fusion Area For all WFR
800 mm/min was the highest travel speed used in the experiments and resulted in the 
lowest heat input of 120 j/mm. It was found to be impossible to get lack of fusion due 
to a low heat input with the parameters used. To achieve a heat input as low as 60j/mm 
with the same current settings, a travel speed of 1600 mm/min is required. Such a high 
travel speed could not be achieved because the weld became unstable. In fact it was 
found that the torch speed begins to be too high at 600mm/min. A weld produced at a 
travel speed of 600 mm/min and a wire feed rate of 5 m/min as shown in figure 37 has 
inadequate cross sectional area and the test sample broke during polishing.
In chapter two it was suggested that heat input may control fusion and this has been 
validated by these experiments. From this analysis it has also been shown that a
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critically low heat input resulting in lack of fusion is unlikely for the girth welding 
process with the parameters normally used.
After analysing the etched samples, it was found that even though the fusion area for 
the weld samples carried out at 50 mm/min were virtually zero some still had a small 
area of fusion. A weld completed with a wire feed rate of 3.5 m/min is shown in figure 
34. Unlike the weld of figure 30 the weld bead of figure 34 had very little fusion which 
was enough to keep the two plates together during sectioning.
Figure 34 Weld with Minimal Fusion Completed with a Travel Speed of 50 mm/min and Wire
Feed Rate of 3.5 m/min
It was assumed that the reason for this difference was due to the lower metal 
deposition rate. The lower wire feed rate would produce a smaller weld bead that 
would allow more heat to access the parent metal. It was therefore decided to assess 
the effect of the wire feed rate on fusion area by re-plotting the data. All of the fusion 
area data was plotted against its corresponding wire feed rate with different coloured 
points for each of the travel speeds as shown in figure 35. After plotting the
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information, it was found that there was no clear trend between wire feed rate and
fusion area.
F usio n  A rea - W ire  Feed Rate
3 4 5 6 7
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Figure 35 Plot of Fusion Area Against Wire Feed Rate
Since it has been shown that the heat generated by the currently used parameters is 
sufficient to sustain a substantial amount of fusion and that the wire feed rate does not 
have a major effect on fusion, the only critical variable remaining for the detection of 
lack of fusion is the travel speed. From figure 32 it can be seen that for each of the 
wire feed rates, the fusion area begins at a low value and peaks for each curve between 
a travel speed of 100 to 200 mm/min. The peak of the curve, or the travel speed at 
which the fusion area is a maximum is known as the critical speed.
The critical speed is the minimum travel speed at which fusion may occur according to 
the proportionality of the heat-input model. It is the lowest speed attainable before the
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weld root is too large to prevent fusion. Any travel speed in the region to the left of the 
critical speed in figure 32 is at risk of causing lack of fusion. Even though a travel 
speed smaller than the critical speed results in a higher heat input to the workpiece than 
that produced by the critical speed, it has the potential to cause a lack of fusion. This is 
because any travel speed lower than the critical speed allows the weld metal to produce 
a weld pool large enough to prevent the heat from melting the pipe and hence fusing 
with the weld metal.
Figure 36 indicates the range of fusion areas for each of the travel speeds. The range of 
fusion areas is related to the different wire feed rates used for each travel speed. Even 
though the plot is independent of wire feed rate, the pattern occurring is clear showing 
a similar trend to that of figure 32. The trend is consistent with both the lower and 
upper ends of the fusion area range as shown by the blue and black dotted lines 
respectively. The plot shows that for the grouped wire feed rates, the critical speed is 
approximately 200 mm/min. This suggests that for the settings used as tabulated in 
table 3 and the wire feed rate varying anywhere between 3.5 to 7.0 m/min, fusion 
should be achieved as long as the travel speed exceeds 2 0 0  mm/min.
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Figure 36 Plot of Travel Speed Against the Range of Fusion Areas
The critical speed may be applied to detect a case of a lack of fusion. Using the method 
described in section 2.2.3 the critical value of 200mm/min may be used and since it 
was shown that it is not necessary to monitor the heat input to detect a lack of fusion, 
then the monitoring system does not have to compare heat input to travel speed but 
only requires the critical speed. In addition to the critical speed, it has previously been 
found that a weld becomes unstable or is of poor quality if the travel speed exceeds 
600 mm/min. Therefore the travel speeds of 200 and 600 mm/min may be applied as 
the upper and lower limits.
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An algorithm used on these observations may be added to the monitoring system and if 
the travel speed exceeds either of the bound limits the operator may be warned of a 
possible case of lack of fusion. The monitoring system may suggest a probability of 
lack of fusion occurring depending on how much lower than the critical speed the 
travel speed is. If the recommended travel speed of 390 mm/min [44] for the gas metal 
girth welding of X80 grade steel pipe established during this work is maintained, it is 
believed that lack of fusion due to out of range travel speed is unlikely since the 
critical speed is almost half of this optimum value. It should be noted that all of these 
results relate to a 'stringer bead' root run using controlled dip transfer.
Figure 37 A broken Weld Sample as the Result of High Travel Speed
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5.1.2 Lack of F usion D ue to M isalignment
It was shown that with the suggested parameters, the travel speed and the resulting heat 
input should always be sufficient to allow fusion to occur but after analysing a pipe 
weld performed with the parameters recommended in table 3, lack of sidewall fusion 
was found to be present. Figure 38 is a section of the pipe weld that clearly shows the 
case of a lack of sidewall fusion.
Figure 38 Defective Pipe Weld
It can however be seen that the lack of sidewall fusion is due to misalignment of the 
torch and not a result of insufficient heating. The well fused left hand side of the weld 
bead suggests that the heat input to the parent metal was sufficient and the slope, or the 
positioning of the weld bead shows that it is actually off centre. It is also clear that the 
lack of fusion is in the fill pass that was conducted with pulsed transfer GMAW using 
a weave. It is obvious that even if the travel speed is within a suitable range then lack
of fusion may still arise, and since the recommended parameters produce sufficient
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fusion, misalignment may be the only cause of lack of sidewall fusion associated with 
such welds.
From this it may be concluded that to detect lack of fusion it is necessary to sense the 
alignment of the weld torch. The arc length or contact tip to workpiece distance 
(CTWD) may be used to determine the location of the torch. As the torch moves across 
the gap of the joint from the centre to either side of the joint, the CTWD reduces due to 
the bevel of the preparation (see figure 39) thus changing the mean arc voltage. 
Therefore by monitoring the arc voltage and detecting a change, misalignment may be 
detected.
Figure 39 Description of root face and root gap
5.2 Lack of Penetration
Penetration was measured from the base of the plate to the lower extreme of the weld 
bead. If there was no penetration the distance from the base of the plate to the tip of the
weld bead was considered as a negative value. Where the weld metal protruded
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through the gap it was measured as a positive distance. As shown in figure 40 the 
calculated penetration was then plotted against the corresponding travel speeds in 
groups of each wire feed rate.
The chart shows that the results are as expected with the peak of each curve suggesting 
that penetration is affected by the range of travel speed. The negative penetration 
values indicate that penetration will not be achieved if the travel speed is too low. It 
can be seen from the chart that no penetration is achieved with a travel speed of less 
than approximately 75 mm/min or with a wire feed rate of 3.5 m/min, suggesting that 
the wire feed rate may also be a factor controlling penetration.
Since the wire feed rate is suspected to affect penetration, the relationship between 
penetration and wire feed rate was investigated. The relationship is shown in a series of 
graphs where each series represents a different travel speed as shown in figure 41. The 
travel speeds of 50 and 100 mm/min were omitted as they resulted in no penetration 
(That is penetration of negative value on figure 40). For each of the travel speeds, 
penetration tends to be related to the wire feed rate in a linear manner indicating that 
the wire feed rate does indeed affect the penetration. It is also obvious from both figure 
40 and figure 41 that penetration increases with a decrease in travel speed. A reduction 
in travel speed results in a larger penetration due to the increased heat input associated 
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oc Figure 40 Plot of Fusion Area Against Travel Speed in Groups of Wire Feed Rates
Wire feed rate may not itself affect penetration but instead the change could be due to 
variation in the mean current. It has been previously determined that the mean current 
rather than the direct heat input affects the penetration [17]. With the adaptive control 
system used here, if the wire feed rate varies, a change in mean current is necessary 
due to the variation in arc time. The arc time may be defined as the period between 
consecutive short circuits. A decrease in the wire feed rate would mean that there
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would be a smaller number of short circuits per second resulting in a larger arc time. 
This fact may be supported and clearly seen in figures 42a and 42b.
(a) WFR = 3.5m/min
Time [s]
(b) WFR = 7.0m/min
Figure 42 Traces of the Current for Different Wire Feed Rates
The traces in figure 42 were recorded during two different welds using the 'pipeweld' 
software. The settings for each of the welds were held constant with the exception of 
the wire feed rate. One weld was completed using a wire feed rate of 3.5m/min and the 
other at 7.0m/min. It can be seen that the arc time of the weld performed with the 
lower wire feed rate is longer than that of the weld completed with the higher rate. The 
arc time of figure 42 (a) was calculated to be 0.09 seconds whereas the arc time of the 
other sample is 0.045 seconds.
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During the arcing period the current is constant (at the set background current value of 
75 amps). Since the weld with a slower wire feed rate has a longer arcing period and it 
has a smaller number of short circuits per second. This results in a smaller number of 
high current boosts in the same period a lower mean current.
It was shown that penetration is directly proportional to wire feed rate and since the 
relationship between mean current and wire feed rate is well established it is believed 
that this trend is due to the effect of the mean current. If all other settings are fixed the 
penetration should vary linearly according to the mean current.
Using the software package Matlab the mean current was calculated for all of the weld 
samples and stored to a file. After analysing the data it was found that for each wire 
feed setting a unique mean current was associated with the particular power source 
settings. The data was used to plot the mean current against wire feed rate as shown in 
figure 43 and the expectations of a linear relationship were verified.
The mean current may be determined in terms of the wire feed rate using the following 
formula:
C = -1.366*WFR2 + 28.256* WFR
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C = mean current in amps 
WFR = the set wire feed rate in m/min.
Where:
It may be concluded that the various penetration values were achieved with the 
different wire feed rate settings because of the change in heat input associated with the 
change in mean current. The increasing mean current would result in a higher heat 
input and thus produce a greater penetration. It has been previously shown that the 
mean current does in fact influence penetration regardless of the resulting heat input 
[17]. This can be analysed by plotting the penetration against heat input for each of the
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wire feed rates, once again omitting any points of negative values as they may affect 
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Figure 44 Affect of mean current on penetration
Figure 44 shows various wire feed rates for simplicity but these can be converted to 
mean current values using the previously established relationships. Penetration does 
indeed increase with heat input but it can be seen from figure 44 that the mean current 
also influences the penetration. For example, at say 400 j/mm, there is zero penetration 
at a wire feed rate of 3.5 m/min which is about 85 amps, but for the same heat input 
penetration is about 1.75 mm for a wire feed rate of 7.0 m/min. On the other hand, if
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one wire feed rate is taken, say 7.0 m/min, it is clear that penetration increases with 
heat input. Therefore, from figure 44 it may be concluded that both heat input and the 
magnitude of the mean current affect the weld penetration.
With the setup described in chapter 4 there are three factors that affect penetration:
^  Heat input
Deposition (from figure 40)
■-' Mean current.
Figure 40 shows that no penetration is achieved, independent of what the wire feed rate 
is, until a travel speed of 75 mm/min is reached. Although this is the case, the heat 
input does not take full effect into achieving penetration until a travel speed of 200 
mm/min. This is the speed at which the penetration tends to peak for each of the wire 
feed rates, which will again be, called the critical speed. As the travel speed decreases 
from 700 mm/min towards the critical speed, greater penetration tends to be achieved 
due to the increasing heat input. Once the critical speed is attained, maximum 
penetration is achieved and as the speed is further reduced penetration begins to 
decrease until it is no longer achieved.
When the travel speed is below the critical speed the weld metal is allowed to build up
enough to prevent the heat from accessing the joint and thus preventing sufficient
penetration. But a travel speed of at least 200 mm/min ensures that penetration is 
successful.
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A mean current of 85 amps results in zero penetration which is a case were the weld 
metal and parent metal are flush. Any wire feed rate set to achieve a mean current 
lower than the threshold of 85 amps would result in the so called negative penetration. 
In fact a wire feed rate of at least 5.5 m/min is required to ensure sufficient penetration 
through the range of travel speeds.
Heat input is also a factor because if it were to get low enough penetration would be 
inadequate. To achieve such a low heat input, the travel speed would have to be larger 
than the limiting speed of approximately 600 mm/min. Any travel speed in excess of 
this results in an unstable weld.
5.3 B ukn T hrough
Throughout the experiments bum through occurred in two modes, a continuous mode 
or a periodic mode. It occurred in a continuous mode if the gap was comparatively too 
large. In this case the wire would protmde through the gap and feed continuously 
without any contact with the parent plate.
The periodic mode occurred when the travel speed was too high for the weld pool. The 
wire would bum through for a short moment until it came into contact with the parent 
material. This resulted in periodic holes and bridges along the weld. A wider gap may
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also result in the periodic mode of buift through but depending on the consistency of 
the gap, it may result in discrete bum through rather than occurring periodically.
It was found that as bum through occurred, the current and voltage responded in a 
distinct manner. The voltage was found to increase and the current would drop to zero 
as the arc would momentarily extinguish.
Figure 45 is the trace of the voltage and current during an actual root pass of a pipe 
weld. The signal demonstrates the affect of bum through on the voltage and current 
signals. Due to the frequent bum through occurrences of this particular weld it may be 
classified as periodic bum through.
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Figure 45 A Current and Voltage Signal Trace of a Pipe Weld Consisting of Burn Through
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Bum through may still occur even if the suggested working parameters are used such 
as the case with the weld shown in figure 45. In that case the gap was the 
recommended 1.8mm and all the settings were correctly adjusted but bum through still 
occurred. After a careful analysis of the setup it was found that the cause of the 
problem was the minimal size of the root face. It was initially thought that the torch 
travel speed was too high for the weld pool in which case the electrode would get away 
from the weld pool, go through the gap between the two pipes and extinguish the arc.
From this analysis there is an obvious method to detect the defect. An algorithm may 
be setup that will read both the arc current and arc voltage to determine if bum through 
has occurred. If the signal readings are a constantly high value and a constant zero 
value for the voltage and current respectively then continuous bum through is evident.
The detection of bum through is much simpler and more definite than the other defects 
considered but it may be avoided completely if some precautions are taken. Optimum 
parameter settings and the preparation of the pipe are equally important.
The case of the weld shown in figure 45 demonstrates how crucial the root face is for 
the root run to be achieved, and hence the importance of accurate pipe preparation. To 
avoid bum through, the root face needs to be at least 1mm with the parameters used for 
the root run. Not only is the root face important but also the squareness of the pipe end. 
If the pipe ends are not square, then the gap between the two pipes would vary when 
they are joined, being too small in some sections and too large in other sections.
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5.5 Discussion of Results
5.5.1 Operating Paeameteb Optim isation
The GMAW welding parameters most suitable for the girth welding application were 
chosen experimentally by visually checking for penetration, macro examination and 
testing for fusion. After completing another set of welds by varying the travel speed 
and wire feed rate, the fusion area and penetration were carefully analysed. The data 
collected was analysed and found to support the viability of the settings shown in table 
3.
After analysing the weld penetration, it was found that the wire feed rate needs to be 
between 5.5 and 7 m/min to achieve penetration. A wire feed rate of less than 
5.5m/min may result to insufficient weld penetration whereas a feed rate larger than 
7m/min may result in electrode stubbing. Stubbing occurs when the wire feed rate is 
too high for the supplied current and the electrode shorts prematurely. The current is 
unable to bum the electrode back quickly enough to support the high wire feed rate.
A range of 200 to 600 mm/min was found to be a suitable travel speed for producing 
sufficient penetration. A more reasonable welding range would be from 300 to 500 
mm/min. Any travel speed lower than 300 mm/min results in welds of relatively large 
penetration which would prevent laminar fluid flow through the pipes. On the other 
hand, a travel speed faster than 500 mm/min has the tendency towards becoming
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unstable. Therefore a travel speed of 400 mm/min is the most suitable welding speed 
for the girth welding process of the X80 grade steel pipe. In fact these findings support 
the originally suggested travel speed of 390 mm/min which was found to work well 
around the full circumference of the pipe.
As with the selection of the wire feed rate, this work supports the use of 6 m/min. By 
following up along the fusion area axis in figure 32 at the point where the travel speed 
is 390 mm/min, a maximum fusion area is achieved at a wire feed rate of 6 m/min. 
Once again the theory supports the experimentally selected wire feed rate.
5.5.2 Detection  of Defects
Table 2 proposed in chapter 2 may be revised following this work as shown below:
Defect Detection (a) (b)





Lack of penetration SPC based on HI
Bum through Transient response 
of voltage & current . .
Table 4 Detection methods for the defects analysed
The algorithms for these detection techniques are summarised below. But it must be 
noted that the constraints of the algorithms apply for the fixed parameters used
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throughout this research work. That includes the weld parameters as listed in table 3, 
the 9mm pipe thickness and the X80 grade steel pipe.
Algorithm  fo r  Lack o f fusion
If Travel Speed is less than 200 mm/min 
Or if Travel Speed is greater than 600 mm/min
Then lack of fusion may be present in the weld and the operator should be notified.
A lgorithm for Lack of Tenetration
If Travel Speed is less than 200 mm/min 
Or if Travel Speed is greater than 600 mm/min 
Or if mean current is less than 85 amps
Then lack of penetration may have been caused and the operator should be notified.
Algorithm  fo r  'Burn 'through
If Current is zero
And Voltage is a constant large value
Then bum through may have occurred and the operator should be notified.
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C h a p t e r  S i x
Conclusion
A nd  S uqqestions foe F ubthee W oe k
The initial task was to establish the possible defects that may occur during welding on 
Australian pipelines. Once that was achieved it was necessary to determine which 
defects are more common. The principal defects that have been found to occur are lack 
of fusion, porosity, lack of penetration and bum through. It was also important to 
determine what process variable or variables affect each defect so suitable control 
algorithms may be achieved.
This work has demonstrated that if the process is operated within prescribed limits, the 
likely hood of lack of fusion is low unless the welding head is not aligned with the 
joint line. The tendency to lack of fusion may therefore be monitored on line by 
ensuring the process is operating within the prescribed procedure limits.
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£ack  o f  fu sion
Lack of fusion may be determined using the algorithm described in chapter two. 
Although, instead of using both heat input and travel speed as the critical parameters 
for the cause of lack of fusion, it was found that travel speed alone controls fusion. A 
travel speed of 200 mm/min was found to be the limit before lack of fusion occurs. 
Since the travel speed may not be high enough to result in a heat input which would 
cause lack of fusion then the travel speed is the only variable that needs to be 
monitored to detect lack of fusion.
200 mm/min was shown to be the lower limiting speed. A travel speed of 600 mm/min 
may be used as the upper limit of the travel speed. Even though the maximum 
allowable speed does not result in a lack of fusion, it results in a poor weld.
The lack of fusion method of detection may be applied to the 'pipeweld' software 
monitoring package and may be used to alert the operator of a possible lack of fusion 
occurrence if the travel speed exceeds the limits. The monitoring system should be 
designed so that the operator may be notified of the exact location that the defect has 
occurred.
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Figure 46 Limiting values before lack of fusion occurs
Figure 46 prescribes the limiting travel speeds outside which a lack of fusion may 
arise. Although it must be noted that these conditions apply for the material, power 
supply and the parameters used throughout the course of this research.
In addition to adding the algorithm to the monitoring system, a method of judging and 
controlling the alignment of the torch at the gap should be examined and if successful, 
implemented in the monitoring system. Misalignment of the torch was found to be the 
major concern for the cause of lack of fusion because the slightest movement from the 
centre of the gap may lead to lack of fusion even if the welding parameters are set to 
optimal values. Although travel speed does influence the defect but is not as critical as
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misalignment. The optimum travel speed for this application is 390 mm/min, which is 
well above the critical value of 200 mm/min. If the travel speed is maintained in this 
range then misalignment of the torch is the predominant factor influencing lack of 
fusion. Two strategies may be adopted to ensure correct alignment:
1. Accurate joint preparation and mechanised system set up.
2. Adaptive control using through the arc sensing or laser
stripe vision systems.
The first of these options is the most cost effective and robust. Through arc systems are 
feasible but require a weave to generate the necessary signal whereas laser stripe 
systems are costly and may be venerable to damage in the field.
£ac£ o f  Penetration
Penetration requires a similar method of detection to that of lack of fusion. Once again, 
heat input and travel speed were the expected variables that would affect penetration. 
In addition to heat input and travel speed, the mean current was also found to affect 
and even cause a lack of penetration. The heat input was never low enough to result in 
a lack of penetration due to the weld becoming unstable as the travel speed approached 
600 mm/min.
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The same limits may be used to detect lack of penetration as 200 mm/min was the 
limiting travel speed before there was a chance of penetration not being achieved. In 
fact, the same algorithm may be implemented to the monitoring system as that for the 
lack of fusion defect. Therefore if the monitoring system detects the travel speed 
dropping below 200 mm/min, it should notify the operator of two possible defects, 
namely lack of fusion and lack of penetration. Unfortunately this does not discriminate 
between the two effects another possibility would be to use some on line detection of 
bead height to indicate lack of penetration (increasing bead height indicating 
inadequate penetration.), this may be possible using through arc or laser stripe vision 
systems as indicated above.
A mean current of 85 amps was found to be insufficient and anything below this value 
would cause a lack of penetration. The mean current of 85 amps is represented by the 
purple line in figure 47 and if the mean current is found to drop below the limiting 
value then the monitoring system should warn of the possibility that penetration has 
not been achieved. Once again noting that the conditions used to predict lack of 
penetration apply to the material, power supply and the parameters used throughout the 
course of this research.
Further work that needs to be carried out is to implement the method of detection in 
the monitoring software.
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Figure 47 Limiting values before lack of penetration occurs
S u m  Tfira u yfi a n cf To ro sity
A pattern recognition system has been developed by Fernandes [25] to detect porosity 
in welds by analysing the current signal produced during welding. A wavelet filter 
bank has been used to split the signal into different frequency ranges. A vector 
quantization based technique has been applied and trained to determine different 
subspaces that represent different types of the weld quality. The algorithm is used to 
classify welds from different data sets. The method can detect porosity induced by 
contamination and lack of shielding gas with an accuracy of up to 93.9% [25].
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For the defects of bum through and porosity it is just a matter of adding the algorithms 
to the pipeweld monitoring software. The software should be able to recognise the 
defects and alert the operator of the occurring defect and the location of it along the 
pipe.
Sum m ary o ft/ie  ControfJU yoritfim s
Lack o f fusion
If Travel Speed is less than 200 mm/min 
Or if Travel Speed is greater than 600 mm/min
Then lack of fusion may be present in the weld and the operator should be notified.
Lack of Tenetration
If Travel Speed is less than 200 mm/min 
Or if Travel Speed is greater than 600 mm/min 
Or if mean current is less than 85 amps
Then lack of penetration may have been caused and the operator should be notified.
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'Burn 'Through
If Current is zero
And Voltage is a constant large value
Then bum through may have occurred and the operator should be notified. 
This work verifies that X80 grade steel pipe is feasible for automated welding.
fu r th e r  Work
In general the necessary future work is to use the methods developed in detecting each 
of the defects and implementing them to the monitoring system.
The effect of the weave and pulse on lack of fusion needs to be analysed as lack of 
fusion is more common in the fill passes for which the pulse mode of GMAW is used. 
Additionally a method of detecting alignment needs to be developed as misalignment 
was found to be the major concern for the cause of lack of fusion.
The effect of welding position (both vertical down and overhead) and surface tension 
on lack of penetration also need to be analysed since the downhand welding position 
was the only one investigated for both lack of fusion and lack of penetration. In 
addition, other consumables, parameters and pipe diameters would need to be studied.
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Log File of 
Weld Sample
T h i s  i s  a p o r t i o n  o f  an a c t u a l  p i p e  we l d  l o g g i n g  per formed by  
P i p e w e l d .
Do n o t  add t o ,  d e l e t e  from,  or  o t h e r w i s e  change  t h e  c o n t e n t  o f  t h i s  
f i l e
Ge ne r a l  Weld S p e c i f i c a t i o n s
P r o j e c t  Name: W. P.S .  Number: Date:  16 -  5 -  1999
Wel di ng  Code: GPS L o c a t i o n :  Drawing R e f e r e n c e :
Number o f  P a s s e s :  4 J o i n t  P o s i t i o n :  J o i n t  Type: Edge
P r e p a r a t i o n
Grade Wal l  T h i c k n e s s :  0 . 0 0 0 0 0 0  Pi pe  Diameter:  0 . 0 0 00 0 0  
Root  Opening:  0 . 0 0 0 0 0 0  Root Face:  0 . 0 0 0 0 00  Groove Angl e:
0 . 0 0 0 0 0 0
P r e h e a t  Temperature:  0 . 0 0 0 0 0 0  PostWeld Heat Treatment:  
S p e c i f i c a t i o n s  o f  Pass  1
Weld P r o c e s s :  Weld D i r e c t i o n :  P o l a r i t y :
Torch A ng l e  ( D e g r e e s ) :  E l e c t r o d e  Type: E l e c t r o d e  S p e c i f i c a t i o n
Number:
Wire Di ame t e r ( mm) : 0 . 9 0 0 0 0 0  Arc T r a v e l  Speed(mm/min) : 300 . 00 0 0 0 0
Wire Feed Rate  ( m / mi n ) : 3 0 0 . 0 0 0 0 0 0
S t i c k  Out (mm): 0 . 0 0 0 0 0 0  Cont ac t  Tip t o  Workpiece  D i s t a n c e  (mm):
0 . 0 0 0 0 0 0  Gas Type:
Gas Flow ( L / m i n ) : 0 , 0 0 0 0 0 0  Heat Input  (kJ/mm): 0 . 4 0 0 0 0 0  Heat Input  
T o l e r a n c e  (kJ/mm): 0 . 3 0 0 0 0 0
Maximum I n t e r p a s s  Temperature  ( d e g r e e s  C ) : 1 0 0 . 0 0 0 00 0  Mean V o l t s  
( V ) : 0 . 0 0 0 0 0 0  Mean Amps (A): 0 . 0 0 0 0 0 0
Peak Amps (A): 0 . 0 0 0 0 0 0  Background Amps (A): 5 . 0 0 00 0 0  D e p o s i t i o n
Area (mmA2 ) : 9 . 0 0 0 0 0 0
D e p o s i t i o n  Area T o l e r a n c e  (mmA2 ) :  3 . 0 0 0 0 0 0  Weave Ampl i tude  (mm):
0 . 0 0 0 0 0 0  Dwel l  L e f t  ( s ) :  0 . 0 0 0 0 0 0
Dwel l  R i g h t  ( s ) : 0 . 0 0 0 0 0 0  Weave Speed ( m / s ) : 0 . 0 0 0 0 0 0
KEY: Time: Sys tem Time Pa s s :  Pas s  Number Pos:  P o s i t i o n  (Degrees )  MV:
Mean V o l t a g e
VSD: Wel d i ng  V o l t a g e  S t anda r d  D e v i a t i o n  MC: Mean Welding Current  
( A) , CSD: Current  S t anda r d  D e v i a t i o n  (A)
MWFR: Mean Wire Feed Rate  (m/min) WSD: Wire Feed Rate  Standard  
D e v i a t i o n ( m / m i n ) ; G: Gas Flow (L/min)WF: Wire Feed Rate F a u l t  TF:
Time F a u l t  ( D e l a y e d  Arc)  GF: Gas F a u l t  HF: Heat I nput  F a u l t  DF: 
D e p o s i t i o n  Area F a u l t  BF: Burnthrough PF: P o r o s i t y  SF:
S t a n d - o f f  F a u l t
Time Pass Pos MV VSD MC CSD MWFR WSD G WF
TF GF HF 
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1 6 . 9 6 6 . 9 6 107 57 6 . 0 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 9 2 6 . 9 0 107 57 6 . 0 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 8 6 6 . 94 107 57 6 . 1 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 8 6 6 . 9 5 107 57 6 . 0 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 8 1 7 . 0 5 108 58 6 . 0 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 8 6 7 . 0 2 107 58 6 . 0 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 8 8 7 . 0 2 107 57 6 . 1 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 9 3 7 . 0 2 107 57 6 . 1 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 7 . 0 2 7 . 0 0 107 57 6 . 0 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 7 . 0 4 6 . 9 9 107 57 6 . 0 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 7 . 1 1 6 . 9 7 106 57 6 . 0 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 7 . 0 6 6 . 9 5 106 57 6 . 0 0 . 3 5 . 3 0




1 6 . 3 0  
0 0
1 7 . 0 3 6 . 9 7 106 57 6 . 0 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 9 9 6 . 9 2 106 57 6 . 0 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 9 3 6 . 8 8 106 57 6 . 1 0 . 2 5 . 3 0




1 6 . 3 0  
0 0
1 6 . 9 3 6 . 9 0 106 57 6 . 0 0 . 2 5 . 3 0
14:
oco : 0 9 01 16. 30 16. 93 6. 87 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 :: 09 01 16. 30 16. 95 6. 90 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14:: 30 :: 09 01 16. 30 16. 98 6. 90 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 09 01 16. 30 16. 92 6. 96 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 10 01 16. 30 16. 95 6, 94 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14:: 30 : 10 01 16. 30 16. 91 6. 94 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 10 01 16. 30 16. 94 6. 95 106 57 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 10 01 16. .30 16. 90 6. 99 106 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 10 01 16. 30 16. 93 7. 05 107 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16. ,30 16. 99 7 . 09 107 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16. .30 17 . 05 7 . 06 107 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16. .30 17 . 01 7 . 11 108 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16. .30 17 .,01 7 . 04 107 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16..30 16. .95 7 .,19 108 59 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16. .30 16. , 95 7 . 11 108 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 11 01 16..30 16. .95 7. ,10 108 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16,. 30 16. .88 7 ..07 107 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16..30 16. .78 7 .,10 108 58 6. 0 0. 2 5. 3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16,.30 16. .80 7 ..05 107 58 6.,0 0.,2 5.,3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16 .30 16.. 71 7 ,. 06 107 58 6..0 0., 1 5..3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16,. 30 16,. 71 6,. 98 106 57 6..0 0..2 5..3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16 . 30 16 .70 6 . 99 107 57 6,.0 0,.2 5,.3 0
0 0 0 1 0 0 0
14 : 30 : 12 01 16 . 30 16 . 66 6 . 98 107 57 6 .0 0 .2 5,.3 0
0 0 0 1 0 0 0
14 : 30 : 13 01 16 . 30 16 . 70 6 . 99 107 57 6 .0 0 .2 5 .3 0
0 0 0 1 0 0 0
014 : 30 : 13 01 16 . 30 16 . 73 6 . 98 107 57 6 .0 0 .2 5 .3
0 0 0 1 0 0 0
014 : 30 : 13 01 16 . 30 16 . 78 6 .98 107 57 6 .0 0 .2 5 .3
0 0 0 1 0 0 0
014 : 30 : 13 01 16 . 30 16 . 81 6 . 95 107 57 6 .0 0 .2 5 .3
0 0 0 1 0 0 0
014 : 30 : 13 01 16 . 30 16 .78 6 .95 107 57 6 .0 0 .2 5 .3
0 0 0 1 0 0 0
014 : 30 : 13 01 16 . 30 16 . 80 6 . 99 107 58 6 .0 0 .2 5 .3





Defect examination and hardness test of mechanised girth welds
1. S a m p le  p r e p a r a t io n
T w o  w e ld s  h a v e  b e e n  e x a m in e d  in  th e  c u r r e n t  in v e s t ig a t io n ,  n a m e ly ,  lo n g  w e ld  a n d  
s h o r t  w e ld .  T h e  w e ld s  h a v e  b e e n  s l ic e d  a s  fo llo w s :
L o n g  w e ld  ( - 6 0 0  m m )
L4 |_3 L2 L1 L0
' 5 0  , welding start
30




S h o r t  w e ld  ( - 5 3 0  m m )
Six samples have been selected from each weld:
L o n g  w e ld :  LO, L I ,  L 2 , L 3 , L 4 , L 5  
S h o r t  s a m p le :  SO, S I ,  S 2 , S 3 , S 4 , S 5
A ll s a m p le s  w e r e  p o l i s h e d  u p  to  l p m  d ia m o n d  p a d  a n d  e tc h e d  in  2 .5 %  n ita l.
2. D e fe c t  e x a m in a t io n
F ir s t ly ,  a l l  s a m p le s  w e re  e x a m in e d  b y  u s in g  s te re o  m ic ro s c o p e ,  th e  p h o to g ra p h s  s h o w  
th a t o v e r a l l  d e f e c ts  in  th e  lo n g  w e ld  a re : la c k  o f  fu s io n , e x te rn a l  u n d e rc u t ,  a n d  p o ro s ity ;  
th e  d e f e c ts  in  th e  s h o r t  w e ld  a re : la c k  o f  p e n e tra tio n , la c k  o f  fu s io n  a n d  p o ro s ity .
S e c o n d ly ,  th e  d e f e c ts  h a v e  b e e n  e x a m in e d  a t h ig h  m a g n if ic a t io n ,  th e  d e ta ils  a re  s h o w n  
in th e  a t ta c h e d  f ig u re s .
3. H a rd n e s s  te s t
H a rd n e s s  te s t  w a s  c a r r i e d  o n  a  m ic ro  h a rd n e s s  te s te r  w ith  2 0 0  g ra m  lo a d , th e  h a rd n e s s  
tra v e l in te r v a l  is  0 .5  m m . I t is  c le a r  th a t  h a rd n e s s  o f  w e ld  m e ta l  v a r ie s  m a in ly  b e tw e e n  
H V  2 2 0  to  2 6 0 .























O  —  (N  T t  \C (•" 00 O '
T ra v e l  d is ta n c e  (m m )
te s t  r e s u l t s  f r o m  a  s e c t io n  o f  lo n g  w e ld
T ra v e l  d is ta n c e  (m m )
H a rd n e s s  te s t  r e s u l t s  f r o m  a  s e c t io n  o f  s h o r t  w e ld
The hardness test travel direction
F ig u re :  T h e  h a r d n e s s  te s t  r e s u l t  f o r  th e  s a m p le  S 4
S a m p le  SO
D e fe c ts :  s l ig h t ly  la c k  o f  fu s io n
Sample S l
Defects: lack of penetration, lack of fusion
S a m p le  S2
D e fe c ts :  la c k  o f  p e n e t r a t io n ,  p o ro s i ty
Sample S3
Defects: lack of penetration, lack of fusion
S a m p le  S 4
D e fe c ts :  g o o d  s e c t io n
Sample S5
Defects: root pass porosity
S a m p le  LO
D e fe c ts :  e x te r n a l  u n d e r  c u t ,  p o ro s i ty
Sample LI
Defects: external under cut, porosity
S a m p le  L 2
D e fe c ts :  ro o t  p a s s  p o r o s i ty ,  la c k  o f  fu s io n , p o ro s ity
Sample L3
Defects: porosity
S a m p le  L 4
D e fe c ts :  la c k  o f  f u s io n ,  p o ro s i ty
Sample L5




These weaves were 
achieved by attaching a 
pen to the weld torch and 
running the Bug-0 tractor 
along the track.
Weave width setting 1 .8 1 .8 2 .2 2 .4
Set travel speed mm/min 1 2 0 0 9 0 0 9 0 0 9 0 0
Time for 30cm length na 51 sec 60 sec 73 sec
Linear travel speed Na 3 5 2  mm/min 3 0 0  mm/min 2 4 6  mm/min
The set travel speed on the Bug-O incorporates the speed of the weave. Therefore the 
linear travel speed had to be determined so as to be able to calculate the heat input.
The weaves performed at a set travel speed of 900mm/min were used to determine the 
weave speed and the dwell time as it is this travel speed that was found to be optimum 
[44].
To perform the calculations and for simplicity 50 cycles of each weld run were chosen.
50 cycles were measured to be: 185.5 mm in length.
The next step is to calculate how long it would take to complete 50 cycles for each 
weave width setting.
Weave width setting =1.8:
Time = 51*185.5/300
= 31.5 Sec.
Weave width setting = 2.2:
Time = 60*185.5/300
= 37.1 Sec.
Weave width setting = 2.4:
Time = 73*185.5/300 
= 45.1 Sec.
Summary:
Weave width setting 1.8 2.2_ 2.4
Weave width (mm) 5 8
Time for 50 cycles (s) 31.5 37.1 ^ 45.1
Period per cycle (s) 0.63 0.742 0.902
The T.8’ and ’2.4’ weave width weld runs will be used to solve simultaneously the 
weave speed and the dwell time.
Now, the dwell period has been held constant for each of weld runs meaning that the 
torch travel length of each cycle should be the same length for each weld run for a 
constant set travel speed. It is also obvious that there are two weaves per cycle, 
therefore when comparing the weld with a weave width of 1.8 to the weld with a 
weave width of 2.4, the weave speed may be determined.
Since the only difference between the welds is the weave width, then the difference in 
the duration of each cycle is due to the extra distance the torch travels. The 2.4 setting 
has a weave width of 8mm which is 3mm longer than the weld with the 1.8 setting. 
Therefore the weld with a setting of 2.4 has to travel an extra 6 mm per cycle in (0.902 
-  0.63) 0.272 seconds.
Therefore the weave speed is: 22 mm/sec.
Now, to complete 50 cycles which is 100 weaves, it would take:
8*100/22 = 36.36 secondes.
But the total time taken to complete the 50 cycles of the 2.4 weave width setting weld 
is 45.1 seconds. That is a difference of (45.1 -  36.36) 8.76 seconds.
Therefore the total dwell time for the 50 cycles is 8.76 seconds, hence the dwell time is 
(8.76/100) 0.0876 Seconds.
Now to check the accuracy of the calculations the weld trace completed at a set travel 
speed of 1200 mm/min and a weave width of 1.8 may be used. But first the torch travel 
speed during the dwell period must be determined.
With the 900 mm/min weld traces, the length of the trace during the dwell period is 
2mm. Therefore the speed of the torch during that portion of the weld is:
2/0.087 = 22.9mm/sec.
Now the traces with set weave width of 1.8 but varying travel speeds may be 
compared. The difference is that one travel speed is set to 900 mm/min and the other is 
1200 mm/min. Assuming the dwell speed increases proportionally with the set travel 
speed, then the travel speed during the dwell period of the 1200 mm/min weld run 
should be:
1200/900*22.9 = 30.53 mm/sec.
Since the dwell time was unchanged on the control pendant, then it should remain at 
0.087 seconds and the dwell length should be:
30.53*0.087 = 2.7mm.
After measuring the actual trace with the set travel speed of 1200 mm/min, the length 
of the trace during the dwell period was found to be the calculated value 2.7 mm, thus 
verifying that the calculated results of the dwell time and weave speed are accurate.
Therefore it may be concluded that for the optimum parameters the weave speed is 22 




B u tt W elds
File: LF1G01
WFR: 6.0 m/min 
TS: 50mm/min
File: LF1G02
WFR: 6.0 m/min 
TS: 100mm/min
File: LF1G03
WFR: 6.0 m/min 
TS: 200 mm/min
File: LF1G04
WFR: 6.0 m/min 
TS: 300 mm/min
File: LF1G05









WFR: 6.0 m/min 
TS: 650 mm/min
File: LF1G10
WFR: 3.5 m/min 
TS: 50 mm/min
File: LF1G11
WFR: 3.5 m/min 
TS: 100 mm/min
File: LF1G12






WFR: 3.5 m/min 
TS: 400 mm/min
File: LF1G15
WFR: 3.5 m/min 
TS: 500 mm/min
File: LF1G16
WFR: 3.5 m/min 
TS: 600 mm/min
File: LF1G17
WFR: 4.0 m/min 
TS: 50 mm/min
File: LF1G18









































WFR: 4.5 m/min 
TS: 200mm/min
File: LF1G27
WFR: 4.5 m/min 
TS: 300mm/min
File: LF1G28
WFR: 4.5 m/min 
TS: 400mm/min
File: LF1G29
WFR: 4.5 m/min 
TS: 500mm/min
File: LF1G30
WFR: 4.5 m/min 
TS: 600mm/min
File: LF1G31






WFR: 5.0 m/min 
TS: 100mm/min
File: LF1G35
WFR: 5.0 m/min 
TS: 200mm/min
File: LF1G36
WFR: 5.0 m/min 
TS: 300mm/min
File: LF1G37
WFR: 5.0 m/min 
TS: 400mm/min
File: LF1G38
WFR: 5.0 m/min 
TS: 500mm/min
File: LF1G39






WFR: 5.5 m/min 
TS: 50mm/min
File: LF1G42
WFR: 5.5 m/min 
TS: 1 OOmm/min
File: LF1G43
WFR: 5.5 m/min 
TS: 200mm/min
File: LF1G44
WFR: 5.5 m/min 
TS: 3 OOmm/min
File: LF1G45
WFR: 5.5 m/min 
TS: 400mm/min
File: LF1G46






WFR: 6.5 m/min 
TS: 100mm/min
File: LF1G50
WFR: 6.5 m/min 
TS: 200mm/min
File: LF1G51
WFR: 6.5 m/min 
TS: 300mm/min
File: LF1G52
WFR: 6.5 m/min 
TS: 400mm/min
File: LF1G53
WFR: 6.5 m/min 
TS: 500mm/min
File: LF1G54






WFR: 7.0 m/min 
TS: 50mm/min
File: LF1G58
WFR: 7.0 m/min 
TS: 100mm/min
File: LF1G59
WFR: 7.0 m/min 
TS: 200mm/min
File: LF1G60
WFR: 7.0 m/min 
TS: 300mm/min
File: LF1G61
WFR: 7.0 m/min 
TS: 400mm/min
File: LF1G62










WFR: 6.0 m/min 
TS: lOOmm/min
File: FA1G03
WFR: 6.0 m/min 
TS: 150mm/min
File: FA1G04
WFR: 6.0 m/min 
TS: 200mm/min
File: FA1G05
WFR: 6.0 m/min 
TS: 300mm/min
File: FA1G06









WFR: 6.0 m/min 
TS: 800mm/min
File: FA1G11
WFR: 7.0 m/min 
TS: 50mm/min
File: FA1G12
WFR: 7.0 m/min 
TS: 100mm/min
File: FA1G13
WFR: 7.0 m/min 
TS: 150mm/min
File: FAI Gl 4














































WFR: 3.5 m/min 
TS: 150mm/min
File: FA1G24




WFR: 3.5 m/min 
TS: 300mm/min
File: FA1G26
WFR: 3.5 m/min 
TS: 400mm/min
File: FA1G27
WFR: 3.5 m/min 
TS: 500mm/min
File: FA1G28






WFR: 3.5 m/min 
TS: 800mm/min
File: FA1G31
WFR: 4.0 m/min 
TS: 50m m/min
File: FA1G32
WFR: 4.0 m/min 
TS: lOOmm/min
File: FA1G33
WFR: 4.0 m/min 
TS: 150mm/min
File: FA1G34
WFR: 4.0 m/min 
TS: 200mm/min
File: FA1G35









WFR: 4.0 m/min 
TS: 600mm/min
File: FA1G39
WFR: 4.0 m/min 
TS: 700mm/min
File: FA1G41
WFR: 4.5 m/min 
TS: 50mm/min
File: FA1G42
WFR: 4.5 m/min 
TS: 100mm/min
File: FA1G43









WFR: 4.5 m/min 
TS: 400mm/min
File: FA1G47
WFR: 4.5 m/min 
TS: 500mm/min
File: FA1G48
WFR: 4.5 m/min 
TS: 600mm/min
File: FA1G49
WFR: 4.5 m/min 
TS: 700mm/min
File: FA1G50









WFR: 5.0 m/min 
TS: 150mm/min
File: FA1G54
WFR: 5.0 m/min 
TS: 200mm/min
File: FA1G55
WFR: 5.0 m/min 
TS: 300mm/min
File: FA1G56
WFR: 5.0 m/min 
TS: 400mm/min
File: FA1G57









WFR: 5.0 m/min 
TS: 800mm/min
File: FA1G61
WFR: 5.5 m/min 
TS: 50mm/min
File: FA1G62
WFR: 5.5 m/min 
TS: 100mm/min
File: FA1G63
WFR: 5.5 m/min 
TS: 150mm/min
File: FA1G64






WFR: 5.5 m/min 
TS: 400mm/min
File: FA1G67
WFR: 5.5 m/min 
TS: 500mm/min
File: FA1G68
WFR: 5.5 m/min 
TS: 600mm/min
File: FA1G69
WFR: 5.5 m/min 
TS: 700mm/min
File: FA1G70
WFR: 5.5 m/min 
TS: 800mm/min
File: FA1G71






WFR: 6.5 m/min 
TS: 150mm/min
File: FA1G74
WFR: 6.5 m/min 
TS: 200mm/min
File: FA1G75
WFR: 6.5 m/min 
TS: 300mm/min
File: FA1G76
WFR: 6.5 m/min 
TS: 400mm/min
File: FA1G77
WFR: 6.5 m/min 
TS: 500mm/min
File: FA1G78
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